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Abstract
The structural, elastic, and electronic properties of ReN2 are investigated by first-principles
calculations with density functional theory. The obtained orthorhombic Pbcn structure is energet-
ically the most stable structure at ambient pressure. ReN2 is a metallic, superincompressible solid
and presents a rather elastic anisotropy. The estimated Debye temperature and hardness are 735
K and 17.1 GPa, respectively. Its estimated hardness is comparative to that of Si3N4.
PACS numbers: 61.50.Ks, 62.20.-x, 71.15.Mb, 71.20.-b, 71.20.Be
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I. INTRODUCTION
Transition metal nitrides are of great technological and fundamental importance because
of their strength and durability as well as their useful optical, electronic, and magnetic
properties.[1] By incorporating B, C, N, or O atoms into the interstitial sites of transition
metals with highly valence electron density (VED), the compounds of transition metal with
highly hardness and strong incompressibility can be synthesized by means of high pressure
experiments.[2, 3] For these reasons, most recently, three transition metal dinitrides, PtN2,[1]
IrN2,[4] and OsN2,[4] have been successfully synthesized under extreme conditions of pressure
and temperature. Very large bulk moduli observed in experiments make them be candidates
of superhard materials, which could be used in cutting tools and wear-resistant coatings.
Meanwhile, many theoretical investigations have been performed to explore their structures,
for that the crystal structure is an important prerequisite of understanding their physical
properties. The search for the structural forms of PtN2, OsN2 and IrN2 with the lowest
energy and mechanical stability usually considers hypothetic structures of orthorhombic,
tetragonal, hexagonal and cubic crystal lattice. The structures of PtN2 and OsN2 are indexed
as cubic (pyrite structure, Pa3¯)[1, 5] and orthorhombic (marcasite structure, Pnnm).[6, 7, 8]
While it is very difficult to determine the structure of IrN2 in experiment because of the large
intensity ratio (1:100) of X-ray diffraction peaks between nitride and pure metal. The first-
principles calculations have shown that IrN2 is monoclinic (CoSb2 structure, P21/c).[8] As a
neighbor of noble transition metal Os, the diboride of Re has been successfully synthesized,[3,
9] however the dinitride of Re to date has not been reported experimentally. Theoretically,
Zhao et al suggested that ReN2 with P42/mnm structure is thermodynamically stable at
ambient conditions and up to 76 GPa.[10] Here, we readdress structural and elastic properties
of ReN2 and find that a new phase with Pbcn symmetry is more stable than that with
P42/mnm symmetry.
II. COMPUTATIONAL DETAILS
All calculations are performed by the CASTEP code[11] using ab initio pseudopotentials
based on DFT with the exchange-correlation functional of Ceperley and Alder as parameter-
ized by Perdw and Zunger (LDA-CAPZ).[12] All the possible structures concerned are opti-
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mized by the BFGS algorithm (proposed by Broyden, Fletcher, Goldfarb, and Shannon),[13]
which provides a fast way of finding the lowest energy structure and supports cell optimiza-
tion in the CASTEP code. The interaction between the ions and the valence electrons is
described by using Vanderbilt’s supersoft pseudopotential[14]. We used a plane wave cutoff
of 310 eV and a Brillouin zone sampling grid spacing of 2pi× 0.04 A˚−1. Pseudoatomic calcu-
lations are performed for N 2s22p3 and Re 5s25p65d56s2. In the geometrical optimization, all
forces on atoms are converged to less than 0.002 eV/A˚, all the stress components are less than
0.02 GPa, and the tolerance in self-consistent field (SCF) calculation is 5.0×10−7 eV/atom.
Relaxation of the internal degrees of freedom is performed at each unit cell compression or
expansion.
The standard method is used to calculate the elastic constants, in which the second
derivatives of the internal energy of a crystal are determined as a function of properly chosen
lattice distortions describing strains. In practice, by applying small elastic strains, the elastic
constants are obtained from the change of energy or stress. Elastic moduli are given by using
the elastic constants according to the Voigt-Reuss-Hill (VRH) approximation.[15] The Hill
average, in general, is selected as the estimation of bulk modulus and shear modulus.
III. RESULTS AND DISCUSSIONS
A. Structural property
To search for the most stable structure of ReN2, we consider monoclinic, orthorhombic,
tetrahedral, hexagonal, and cubic structures with a Re:N stoichiometry of 1:2, including
these initial structures of AuTe2 (C2/m, No. 12), CoSb2 (P21/c, No. 14), GeS2 (Fdd2, No.
43), CaCl2 (Pnnm, No. 58), OsB2 (Pmmn, No. 59), β-ReO2 (Pbcn, No. 60), Pbca (8c
Wycknoff sites, No. 61), Pnma (4c Wycknoff sites, No. 62), ReSi2 (Immm, No. 71), SiS2
(Ibam, No. 72), Cu2Sb (P4/nmm, No. 129), rutile (P42/mnm, No. 136), MoSi2 (I4/mmm,
No. 139), P 3¯m1 (1a and 2d Wycknoff sites, No 164), CrSi2 (P6222, No. 180), Fe2P (P 6¯2m,
No. 189), AlB2 (P6/mmm, No. 191), ReB2 (P63/mmc, No. 194), pyrite (Pa3¯, No. 205),
fluorite (Fm3¯m, No. 225), and NiTi2 (Fd3¯m, No. 227). Combining total energy with
elastic constants analysis, four competing structures, i.e., Pbcn, P42/mnm, Pmmn, and
Fm3¯m, satisfy the mechanical stability critetion,[16, 17] in which the latter three phases
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have been discussed by Zhao et al.[10] The equilibrium volume V 0 and bulk modulus B0
are determined by fitting the total energy as a function of volume to the 3rd-order Birch
Murnaghan equation of state (EOS).[18] Our calculated equilibrium parameters (see Table I)
show that the rutile (P42/mnm) and the Pbcn phases have larger equilibrium volumes than
the fluorite (Fm3¯m) phase. From the calculated relative enthalpy ∆H, one can see that the
Pbcn phase is the most stable structure at zero pressure. In the optimized Pbcn structure,
four rhenium atoms occupy 4c Wycknoff sites (y=0.1191) and eight N atoms hold 8d sites
(x=0.2663, y=0.3526, z=0.0871). The nearest distance between Re (N) and N atoms is
1.955 (2.644) A˚. The orthorhombic Pbcn structure possesses a structure characterized by
zigzag chains of Re atoms propagating along the c axis of the unit cell with bond length and
bond angle of 2.794 A˚ and 122.40, respectively. In order to determine the structural phase
transition between competing structures, the enthalpy H of each phase of ReN2 is computed.
The enthalpy difference per formula unit (f.u.) as a function of pressure is plotted in Fig.
1. We do not observe structural phase transition from Pbcn phase to others up to 100 GPa.
It is interesting to notice that Pbcn structure has been observed in experiment being the
ground state of ReO2.[19]
VED is defined as the total number of valence electron divided by volume per formula
unit, which is an important factor when searching the superhard materials. The valence
electron shell of Re is 6s2 and 5d5, and that of N is 2s2p3 so that the total number of valence
electrons is 17 for ReN2. VED obtained in four phases (Table I) is slightly lower than that
of Re metal (0.4761 electrons/A˚3) due to the adding of N atoms. High VED is good to
resist the fracture, which contributes to high bulk pressure of ReN2 (Table I), predicting
that ReN2 could be considered as a candidate of a superhard material.
B. Elastic property
The elastic constants of Pbcn structure obtained from our calculations (c11=365 GPa,
c22=553 GPa, c33=610 GPa, c44=138 GPa, c55=230 GPa, c66=83 GPa, c12=307 GPa,
c13=232 GPa, c23=242 GPa) satisfy the mechanical stability requirement well, implying
that the orthorhombic Pbcn structure is mechanically stable. As is concluded above, ReN2
has a very high bulk modulus, and therefore can be regarded as a candidate of a superhard
material. However, a high bulk modulus by itself does not directly lead to high hardness. In
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general, both high bulk modulus and high shear modulus are indispensable to high hardness.
Therefore, the shear modulus must be taken into account when searching for new superhard
materials. The bulk modulus represents the resistance to fracture, while the shear modulus
represents the resistance to plastic deformation. Moreover, two other factors are important
for technological and engineering applications: Young’s modulus E and Poisson’s ratio ν.
Young’s modulus, defined as the ratio between stress and strain, is used to provide a measure
of stiffness of the solid. The larger the value of E, the stiffer the material. The Young’s
modulus and Posson’s ratio for an isotropic material are given by E = 9BG
3B+G
, ν = 3B−2G
2(3B+G)
,
respectively,[15] where B and G represent Hill average bulk modulus and shear modulus.
The calculated bulk modulus B, shear modulus G, and Young’s modulus E of ReN2 with
Pbcn structure are 334 GPa, 127 GPa, and 337 GPa, respectively, of which the bulk modulus
of ReN2 is slightly smaller than that of Re metal (360 GPa). It is worthy to note that the
bulk modulus obtained from the elastic constants agrees well with the one obtained through
the fit to the 3rd-order Birch Murnaghan EOS (B0), providing a consistent estimation of the
compressibility for ReN2. Possion’s ratio ν reflects the stability of a crystal against shear.
This ratio can formally take values between -1 and 0.5, which corresponds respectively to
the lower limit where the material does not change its shape, or to the upper limit when
the volume remains unchanged. Poisson’s ratio of Pbcn structure is 0.3319, which is larger
than 0.3, indicating that there exists small volume change during elastic deformation. Also
Possion’s ratio provides more information on the characteristics of the bonding forces. It has
been proved that ν=0.25 is the lower limit for central-force solids and 0.5 is the upper limit,
which corresponds to infinite elastic anisotropy. The high value ν for ReN2 means that the
central interatomic forces are central.[20] In order to predict the brittle and ductile behavior
of solids, Pugh introduced the ratio of the bulk modulus to shear modulus of polycrystalline
phases.[21] A high (low) B/G value is associated with ductility (brittleness). The critical
value which separates ductile and brittle materials is about 1.75. The significant difference
obtained between bulk and shear modulus indicates the higher ductility of ReN2.
Now, we turn to discuss the elastic anisotropy of ReN2, which is estimated by the universal
anisotropy index A = 5G
V
GR
+B
V
BR
−6.[22] The discrepancy of A from zero determines the extent
of single crystal anisotropy and accounts for both the shear and the bulk contributions. The
obtained A value is 1.252, indicating that ReN2 has a large elastic anisotropy. Additionally,
fractional axis compression as a function of pressure are plotted in Fig. 2. The curves
5
presented in this figure clearly exhibit that: a bigger difference in fractional axis compression
values exists for Pbcn phase, implicating that there is a evident structure deformation with
increasing pressure; there is a transition point for compression along b- and c-axis with
increasing pressure, that is, b-axis is more difficult to be compressed than c-axis at 38
GPa above. This abnormality for compression along different axis can foretell that there
is a structural phase transition at about 40 GPa. Further analysis of the change of the
structural parameters (atomic coordination, bond length, et al.) shows that from 40 to 45
GPa fractional coordinations x and z in 8d (x, y, z) sites (N atoms) change much, yielding
the great change of the nearest distance between N atoms (dN−N). In detail, at 40 GPa, x
and z are 0.2184 and 0.0752, respectively. However, x and z reduce to 0.1385 and 0.0349 at
45 GPa, respectively. Correspondingly, the dN−N reduces from 2.359 A˚ at 40 GPa to 1.432
A˚ at 45 GPa.
Further, the Debye temperature ΘD which correlates with many physical properties of
materials, such as specific heat, elastic constants, and melting temperature is given. The
Debye temperature ΘD can be calculated by the equation ΘD =
h
k
[
3n
4pi
(
ρNA
M
)]1/3
[2
3
( ρ
G
)3/2 +
1
3
( ρ
B+4G/3
)3/2]−1/3,[23] where h is Plank’s constant, k is Boltzmann’s constant, NA is Avo-
gadro’s number, ρ is density, M is the molecular weight and n is the number of atoms in the
molecule. The calculated ΘD value of 735 K in Pbcn is comparative to the values of 866.4 K
in ReB2[24], 850 K in ReO2[19] and 691 K in OsN2.[6] Employing the correlation between
the shear modulus and Vickers hardness reported by Teter [25] for a wide variety of hard
materials, the indentation hardness of ReN2 can be estimated to be approximately 17.1GPa
, which is comparable to that of Si3N4 (21±3 GPa).[25] It is well known that the hardness of
superhard materials should be higher than 40 GPa, indicating that ReN2 is not a superhard
material. Jhi et al [26] proposed that the hardness is determined by elastic constant c44
rather than shear modulus. In our case, we note that there is little difference between the
c44 value of elastic constant and shear modulus. Accordingly, both Teter estimation and
Jhi’s viewpoint of hardness actually achieve a consistent result for ReN2.
C. Electronic property
In order to understand the nature of elastic property, the electronic density of states is
also analyzed. The total and partial density of states (DOS) with respect to Fermi level
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is shown in Fig. 3. Finite DOS at Fermi level N (EF ) of 5.035 states/eV shows that ReN2
is metallic. The electrons from Re-5d and the N-2p states both contribute much to the
DOS near the Fermi level. That is, the electronic structure of ReN2 is governed by strong
hybridization between the Re-5d and N-2p states, imaging that there is a covalent bond
in between Re and N atoms. The existence of covalent bonding contributes to large bulk
modulus, i.e., strong incompressibility. However, we have not found any pseudogap that
observed in ReB2,[24, 27] OsB2[28] and OsN2,[6] implying that covalent bonding in between
Re and N atoms is not so strong. Besides, the calculated net charges on N and Re atom
are -0.57 e and 1.15 e, which indicates that the chemical bonding between Re and N have
some characteristics of ionicity. The occurrence of ionic bonding results in the smaller shear
modulus, which explains the reason of the not so large hardness in ReN2.
IV. CONCLUSION
In conclusion, the most stable structure of ReN2 is explored based on first-principles
methods in the framework of density functional theory within local density approximation.
It results that orthorhombic Pbcn structure is the most stable structure at ambient pressure.
ReN2 is a metallic, super-incompressible solid and presents large elastic anisotropy. The
estimated hardness is comparative to that of Si3N4. The structural determination and the
discussion of the elastic and electronic properties may be of use in the synthesis and high
pressure study of ReN2.
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TABLE CAPTIONS
TABLE I: Equilibrium lattice parameters,V 0(A˚
3), a (A˚), b(A˚), c (A˚), density ρ (g/cm3),
valence-electron density ρe (electrons/A˚
3), bulk modulus B0 (GPa), and enthalpy difference
per chemical formula unit (f.u.) △H (eV). V 0 is of per chemical f.u.
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FIGURE CAPTIONS
Fig.1: Enthalpy difference per formula unit as a function of pressure. P42/mnm is taken
as a reference point.
Fig.2: Fractional axis compression as a function of pressure for Pbcn structure.
Fig.3: Total and partial density of states for Pbcn structure. Vertical dotted line indicates
the Fermi level.
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TABLE I: Li et al.
Pbcn P42/mnm Fm3¯m Pmmn Reference
V 0 31.251 31.693 27.712 26.779 This work
31.7 27.7 26.7 [10]
a 4.518 4.769 4.801 8.088 This work
4.775 4.803 8.083 [10]
b 5.657 2.380 This work
2.385 [10]
c 4.902 2.789 2.782 This work
2.78 2.77 [10]
ρ 11.385 11.217 12.838 12.406 This work
ρe 0.416 0.410 0.469 0.453 This work
B0 331.3 337.8 381.9 365.2 This work
△H 0 0.015 1.457 1.663 This work
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